ABSTRACT: In this Letter we report a comparative study, in the infrared regime, of surface plasmon polariton (SPP) propagation in epitaxially grown Ag films and in polycrystalline Ag films, all grown on Si substrates. Plasmonic resonance features are analyzed using extraordinary optical transmission (EOT) measurements, and SPP band structures for the two dielectric/ metal interfaces are investigated for both types of film. At the Si/Ag interface, EOT spectra show almost identical features for epitaxial and polycrystalline Ag films and are characterized by sharp Fano resonances. On the contrary, at the air/Ag interface, dramatic differences are observed: while the epitaxial film continues to exhibit sharp Fano resonances, the polycrystalline film shows only broad spectral features and much lower transmission intensities. In corroboration with theoretical simulations, we find that surface roughness plays a critical role in SPP propagation for this wavelength range.
S urface plasmon polaritons (SPPs) are hybrid photonelectron oscillations propagating along the interface between a metallic (ε < 0) and a dielectric (ε > 0) material. Because of the finite penetration of light into metal, SPPs are confined at a length scale much smaller than the wavelength of incident light, and this tight confinement is expected to enable the integration of diffraction-limited optical structures and much smaller electronic components. 1−5 Many novel devices using the exotic properties of SPPs have been proposed or demonstrated. 3,6−15 However, most plasmonic devices to date have been based on granular polycrystalline metal films, in which scattering losses at grain boundaries 16 and rough surfaces can be considerable. These losses limit their technological potential. Intense research has been made to improve the surface smoothness of metal films. For example, the template stripping method 17 has been utilized to produce smooth patterned surfaces on one side of a metal film, and more recently, Au platelets with atomic smoothness on two surfaces have been created. 18 However, a better plasmonic platform is epitaxially grown, atomically smooth metallic film on a dielectric substrate. The superiority of this type of film has recently been dramatically demonstrated, with the continuouswave operation of a plasmonics-based nanolaser in the visible regime. The laser consisted of atomically flat epitaxial Ag film on Si as a plasmonic platform and InGaN as a gain medium. 19 What makes the nanolaser achievement particularly striking is the fact that, in the visible spectral region (∼500 nm) at which the nanolaser was demonstrated, the granular structure of a polycrystalline film results in significant scattering loss and inhibits lasing. Since there are also many important applications for plasmonics in the mid-and far-infrared regimes, 20−26 it is important to determine whether such a dramatic difference persists between losses in epitaxial and polycrystalline films at these longer wavelength ranges.
In this Letter we report on the use of angle-resolved spectroscopy of SPP-mediated extraordinary optical transmission (EOT) 27−29 to investigate the plasmonic properties of epitaxial and polycrystalline Ag films. So as to permit comparison between them we prepared epitaxial and polycrystalline films with the same thickness and patterned them with identical hole arrays using the same fabrication process. The SPP modes at the air/Ag interface exhibited dramatic differences in each of the two films in the mid-infrared (MIR) regime. However, these differences vanished for the SPP modes at the Si/Ag interface in the far-infrared (FIR) regime. We attribute these contrasting behaviors in the MIR and FIR regimes to the different amounts of surface roughness at the two interfaces of each of the two kinds of films. Simulated spectra computed by the finite element method (FEM), taking a perfect electric conductor (PEC) as an approximation of the Ag film, agree well with the observed spectra of epitaxial Ag films. To simulate spectra for films with surface roughness, we inserted into our simulation a lossy layer between the air and the PEC film. By increasing the loss factor of this layer, we simulated a gradual transition from the spectrum of an epitaxiallike film to that of a polycrystalline-like film.
To grow epitaxial Ag film on Si substrates we follow the twostep growth process which has been described in the literature: low-temperature deposition followed by annealing at higher temperature. 19, 30 By contrast with the film used in the recent work on nanolasing, 19 however, the thickness in this case is 80 nmthicker by a factor of 3. Moreover, there is no Ge capping layer atop. At the thickness of 80 nm, even without the Ge capping layer, the film is stable enough against dewetting (due to a relatively larger kinetic barrier) to allow for fabrication and measurements within two weeks after the initial growth. However, as we discuss below, prolonged exposure to atmosphere does eventually cause the film to roughen. Polycrystalline filmsalso 80 nm thickare grown by thermal evaporation onto a Si wafer with native oxide on the surface. Both the polycrystalline and epitaxial films are patterned with a square array of circular holes occupying an area of about 5 × 5 mm 2 using ultraviolet photolithography and reactive ion etching. The hole diameter d and the period a of the arrays are 3 and 6 μm, respectively. Figure 1a is an atomic force microscopy (AFM) image of the epitaxial film showing atomically smooth surface with low rootmean-square (RMS) surface roughness (∼0.37 nm). In Figure  1b an AFM image of polycrystalline Ag film shows granular features with much higher RMS surface roughness (∼2 nm).
Angle-resolved infrared transmission spectra in the wavelength range 4−28 μm were obtained using a Fourier transform infrared spectrometer (FTIR). The measurements were taken immediately after the fabrication process, before significant degradation of the epitaxial Ag film in air could occur. Spectra from the epitaxial and polycrystalline films were acquired using identical measurement processes. The samples lay in the x-y plane, rotating around the y-axis by 2°increments ( Figure S1d in the Supporting Information). The incident beam was focused on the sample and was limited by a 5-mm-diameter diaphragm. The relative transmission intensities of the Ag films were obtained by normalizing the transmission spectra of the samples with those of a bare Si substrate. The incoming beam impinging on the samples was in transverse-magnetic (TM) polarization: the direction of electric field E was in the incident (x-z) plane ( Figure S1d in the Supporting Information).
Shown in Figure 2 are experimental and simulated transmission spectra summarized in four columns and three rows. The top and middle rows show the data acquired from perforated polycrystalline and epitaxial films, respectively, while the bottom row shows simulated transmission spectra for the same structures, calculated using COMSOL. The two left columns are in false color, containing angle-resolved spectra from 0°to 60°with a 2°step. Notice that the color scales for the polycrystalline and epitaxial Ag films are different: this is so that the respective band structures can be seen easily. (Selected raw data in stacked plots are shown in Figure S3 of the Supporting Information.) The two right columns are the individual spectra acquired at 20°(spectra at other angles are shown in Figure S4 of the Supporting Information).
For a square lattice, the reciprocal lattice vector is G ⃗ m,n = m(2π/a)x̂+ n(2π/a)y, where m and n are integers. An SPP can be excited when its momentum satisfies k ⃗ SPP m,n = k ⃗ x + G ⃗ m,n , where k x ≡ |k ⃗ x | ≡ k 0 sin θ is the component of the incident wave vector k 0 = 2π/λ projected onto the incident interface, λ is the wavelength measured in vacuo, and θ is the incident angle (schematic in Figure S1d of the Supporting Information). The SPP bands can be indexed as Si(m,n) or air(m,n), for SPPs propagating at the Si/Ag or air/Ag interface, respectively. The SPP dispersion relation can be described by
1/2 , where ε m and ε d are the respective dielectric constants of the metal and dielectric. In the MIR and FIR regimes, ε d = 1 for air and ε d = 11.9 for Si, and −Re(ε m ) ≫ ε d for Ag; this means that
, so Ag can be modeled as a PEC (ε PEC → −∞) in these regimes. The analytically computable curves, with Ag treated as a PEC, are shown as solid lines in Figures 2c,f and can be identified as the sharp borders across which the transmission changes rapidly. An EOT peak is often companioned by a transmission minimum, known as Wood's anomalies. 31, 32 The sharpness of the transmission change across the SPP bands is determined by the propagation length of the SPPs, which is in turn determined by the radiative and ohmic losses of the leaky SPPs as well as by the scattering of SPPs at imperfections in patterned metal film. One important source of inelastic scattering is the surface roughness of the metal film, and it is instructive to compare the sharpness of the transmission features in the polycrystalline and epitaxial Ag films. The propagation length is proportional to the SPPs' lifetime τ SPP m,n (k x ) ≡ 1/Im(ω m,n ), which is computed from the complex angular frequency ω SPP m,n (k x ) ≡ Re(ω m,n ) + iIm(ω m,n ) of the leaky SPPs by solving the eigenvalue Maxwell's equations 33 with radiative boundary conditions set at infinity. Note that the Wood's anomalies bands must be distinguished from those of the leaky SPPs, although they can be very close to each other when the perforated holes are small compared with the resonant wavelength and when the metal's optical properties are close to those of a PEC. Because in those instances the SPP and Wood's anomalies bands run close and parallel to each other, a rapid change in intensity across the SPP bands is observed; this is the well-known Fano profile, 32,34−36 as shown in Figure 2 . More remarkably, the SPP bands and Wood's anomalies bands can cross each other, resulting in an abrupt change in transmission along the SPP dispersion curves. This is observed in the vicinity of λ ≈ 16.4 μm and θ ≈ 40° (  Figures 2d−f) , the crossing point of Si(1, ±1) and Si(−1,0) bands. Specifically, the Si(−1,0) band that starts out as relatively "dark" (low transmission) for small incident angles abruptly turns "bright" (high transmission) around θ = 30°. On the contrary, the Si(1, ±1) band that starts out as relatively "bright" for small incident angles turns abruptly "dark" around θ = 40°. In Figure S3 of the Supporting Information, we show more detailed angle-resolved spectra in stacked plots to illustrate these behaviors. In the FIR regime (14−26 μm wavelength range) (Figures 2d−f,j−l), transmission intensity is about 30% higher for the epitaxial film, but the shapes of the transmission spectra from the polycrystalline and epitaxial Ag films exhibit little difference from each other. It is to be noted that in this regime EOT is mediated by SPPs propagating along the Si/Ag interface (e.g., Si(1,0) and Si(1,1) bands). The fairly good agreement between experimental and simulated FIR spectra, with regard to wavelength and angle-dependence as well as transmission amplitude, suggests that the Si/Ag interface is rather smooth for both polycrystalline and epitaxial Ag films. As one moves to shorter wavelengths, from lower-order to higher-order Si(m,n) bands and eventually to the air(1,0) band, there is a systematic trend of degradation in the transmission signal of the polycrystalline film as compared with that of the epitaxial film (Figures 2a,b) . The overall intensity for these bands is about a factor of 2 lower in the polycrystalline film. Moreover, plasmonic resonance features are much weaker in the polycrystalline film (note that the color scale for polycrystalline film is enhanced to show subtle features). The difference between the spectra from the epitaxial and polycrystalline films is particularly pronounced for the air(1,0) band (Figures 2g,h) . Specifically, for epitaxial Ag film the transition from baseline to peak transmission occurs very rapidly as a function of wavelength (Figure 2h ), in agreement with the simulation results shown in Figure 2i . For the polycrystalline film, the air(1,0) band appears as only a weak shoulder without any sharp resonances (Figure 2g) . From the microscopic standpoint, it appears reasonable that the morphological difference between polycrystalline and epitaxial films should manifest itself in the quality of the air/Ag interface much more than the Si/Ag interface.
Much more detailed angle-dependent spectra are shown in Figure S4 of the Supporting Information. All of these spectra exhibit the same features as those just described, with the epitaxial film showing significantly sharper spectral features and higher overall transmission intensity for the air (1,0) band. In addition, we also measured the transmission spectra of the same epitaxial Ag film sample after prolonged exposurenearly two yearsto air at room temperature. The degradation of the surface uniformity can be seen in the SEM image ( Figure S1c in the Supporting Information). As discussed in the Supporting Information, the air(1,0) band after two years no longer exhibits a sharp resonant edge, but instead displays features similar to those of the polycrystalline Ag film. This result reaffirms the importance of surface smoothness to low-loss SPP propagation at the air/Ag interface.
To test the validity of our hypotheses, we have modeled the scattering of the air-side SPPs due to surface roughness by introducing into our simulation an artificial lossy layer of thickness t = 2 μm immediately adjacent to the PEC on the air side. The dielectric permittivity tensor of the lossy layer is chosen to be ε xx = ε yy = 1, ε zz = 1 − iγ, where γ < 1 is the loss factor of the layer. The physical justification for our choice of permittivity tensor is as follows. The electric field of the air-side SPPs propagating along the air/PEC interface is predominantly in the z-direction. Therefore, by introducing a small loss through the ε zz component of the tensor we effectively reduce the propagation length of the air-side SPPs without causing any damping or reflection of the incident wave, whichat least for small incident angles θis primarily polarized along the xdirection. A simple but instructive expression can be derived for the wave vector of an SPP propagating at the interface between two semi-infinite media, a metal with the dielectric permittivity ε m and an anisotropic damping layer with the permittivity tensor just described: show clearly that the value of γ affects the normal transmission in the MIR regime by spectrally broadening the resonant peak from low to high transmission. At the same time, there is practically no effect of γ on FIR transmission (Figure 3b ), because the latter is mediated by the Si-side SPPs, which are unaffected by the anisotropic damping layer. In summary, by using angle-resolved EOT measurements in the infrared regime, we have shown the contrasting behavior of SPPs in epitaxial and polycrystalline Ag films on Si substrates. For atomically smooth epitaxial Ag film, we observe significant scattering reduction for air-side SPPs, which manifests as spectrally sharp EOT features. On the contrary, polycrystalline Ag films show much weaker resonance at the air/Ag interface. At the Si/Ag interface, both the polycrystalline and the epitaxial films have smooth interfaces; consequently, EOT mediated by SPPs propagating at this interface exhibits high-quality sharp spectral features for both types of film. Furthermore, we have developed a model which accounts for the significant observed damping in polycrystalline films at the air/Ag interface. Our results demonstrate that surface roughness can be the crucial scattering loss mechanism in longer wavelength ranges.
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